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The transcriptional activation of tissue-speci®c genes during terminal differentiation must be preceded by the priming of
the chromatin and the appearance of the required transacting factors. We have timed these events for the transcriptional
activation of the rat gD-crystallin gene, a lens ®ber cell-speci®c gene that encodes a structural lens protein, during the
(basic ®broblast growth factor (bFGF)-induced) in vitro differentiation of rat lens ®ber cells. In vitro, in the presence of
bFGF only, the endogenous gD mRNA accumulates between Day 10 and Day 15. When insulin is added as well, the
differentiation process is accelerated and gD mRNA starts to accumulate at Day 8. Demethylation of the gD promoter
region, as assessed by measuring the methylation state of the ThaI site at 016, occurs much sooner, within 1 day. By
genomic footprinting, the ®rst protein interaction with the promoter region was visible at Day 8; full occupancy of the
promoter region could be detected only at Day 12. The genomic footprint identi®ed four putative regulatory regions: 0141/
0131, 088/071, 055/045, and 015/04. Site-directed mutagenesis of the G residues at 055 and 046 resulted in a three-
to ®vefold decrease in promoter activity of transfected gD/CAT reporter genes and also abolished interaction with nuclear
extract factor(s). A GrT mutation at 043 had no effect. The 055/045 footprint thus derives from a proximal activator.
The 088/071 footprint identi®es a silencer of the gD promoter in late ®ber cell differentiation, as a tetramer of the 085/
067 sequence silenced a tk/CAT construct when transfected into ®ber cells at a late stage, but not at an early stage, of in
vitro differentiation. To time the appearance of regulatory factors, the activity of a 073//45 gD/CAT (containing the
activator region) and of a 01100//45 gD/CAT construct was measured during ®ber cell differentiation. The 073//45
construct was active between Day 5 and Day 14, with a maximum at Day 12. The additional sequence information present
in the 01100//45 construct constrained gD promoter activity to between Day 8 and Day 13, with a maximum at Day 10.
We conclude that the phased appearance of transacting factors during lens ®ber cell differentiation controls the timing of
®rst the activation and then the shutdown of the gD-crystallin gene promoter. q 1996 Academic Press, Inc.
transcription. Priming of the chromatin requires unfolding
of the chromatin domain, possibly regulated by locus con-
trol regions, and also often demethylation of the DNA con-INTRODUCTION
taining the promoter region (for review, see Cedar and
Razin, 1990; Bird, 1992; Felsenfeld, 1992; Paranjape et al.,The activation of transcription of tissue-speci®c genes
1994). Although the priming of the chromatin must precededuring terminal cell differentiation usually requires the
transcriptional activation, it does not necessarily precedepresence of tissue-speci®c transcription factors. However,
the appearance of tissue-speci®c transcription factors. In-these factors can only act if the chromatin is primed for
deed, these factors may also signal the change in chromatin
organization, since, for example, the b-globin locus control
region contains binding sites for erythrocyte speci®c factors1To whom all correspondence should be addressed. Fax: /31-24-
3652938. (see Felsenfeld, 1992, for review). Furthermore, it has been
14
0012-1606/96 $12.00
Copyright q 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.
/ m4592f8105 12-07-95 18:55:33 dba Dev Bio
15Regulation of the Rat gD-crystallin Promoter
recently shown that the immunoglobulin enhancer is re- of the promoter region long precedes the appearance of the
transacting factors controlling the activity of the gD pro-quired for demethylation of the corresponding promoter re-
gion, suggesting that tissue-speci®c regulatory elements moter and that it is the timing of appearance of these factors
that directly controls the activation and silencing of the(and their cognate factors) play a role in the control of DNA
modi®cation as well (Lichtenstein et al., 1994). gD-crystallin promoter during lens ®ber differentiation.
We have now followed the activation of a lens ®ber cell-
speci®c gene during terminal differentiation of the lens ®ber
cells and timed the appearance of speci®c transacting fac- EXPERIMENTAL PROCEDURES
tors as well as the disappearance of DNA methylation. The
main advantage of the system used here is that the whole Tissue Culture
course of the lens ®ber cell differentiation can be mimicked
Lens explants were obtained from newborn Wistar rats asin vitro. In the in vitro system, lens epithelial cells are
described (Chamberlain and McAvoy, 1989). Explants wereexplanted such that they remain attached to the lens cap-
cultured on 3.5-cm dishes (Gibco Laboratories) in M199 me-sule (Chamberlain and McAvoy, 1987). The explanted epi-
dium supplemented with 0.1% BSA (Boehringer-Mann-thelial cells will differentiate synchronously to lens ®ber
heim), 125 IU/ml penicillin, and 125 IU/ml streptomycin.cells provided ®broblast growth factor is added (Chamber-
bFGF (a kind gift from Scios, Inc., Mountain View, CA) andlain and McAvoy, 1987, 1989; McAvoy and Chamberlain,
insulin (Sigma) were added to ®nal concentrations of 25 ng/1989). Acidic and basic ®broblast growth factors are the
ml and 1 mg/ml, respectively. Normal rat kidney (NRK)only known polypeptide growth factors capable of inducing
cells (ATCC, Rockville, MD) were cultured in Dulbecco's®ber cell differentiation in mammals and their morpho-
modi®ed Eagle's medium (DMEM) supplemented with 10%genic activity is strongly enhanced by insulin and insulin-
fetal calf serum, 125 IU/ml streptomycin, and 125 IU/mllike growth factor-1 (reviewed in McAvoy and Chamber-
penicillin.lain, 1990). In vitro, the ®ber cells embark on the same
course of terminal differentiation as seen in vivo. They elon-
gate, they form the typical lens ®ber membrane junctions, RNA Isolation and Northern Blot Analysis
and ®nally initiate the loss of cell organelles as evidenced
Total RNA was isolated according to Gough (1988). RNAby the appearance of nuclear pyknosis (Lovicu and McAvoy,
was electrophoresed in 1% agarose gels containing formal-1989). Biochemically, the differentiation of lens ®ber cells is
dehyde and 0.51 MEN buffer (11 MEN buffer contains 0.2marked by the accumulation of the abundant water-soluble
M Mops, pH 7.0, 8 mM sodium acetate, 1 mM EDTA, pHstructural proteins of the lens, the crystallins. We have
8.0) and transferred to Hybond C extra ®lter (Amersham,shown that, in vitro, the crystallin genes are sequentially
UK) according to standard protocols (Sambrook et al., 1989).activated (Peek et al., 1992b). First, at Day 1 of differentia-
RNA was hybridized overnight in 50% formamide, 61 SSC,tion, the activity of the a-crystallin genes is enhanced (these
51 Denhardt's, 100 mg/ml herring sperm DNA at 427C. Thegenes are already active in the lens epithelial cells), activity
258- and 280-bp PstI fragments of the rat gE-crystallinof the b-crystallin genes is ®rst detected at Day 3 of differen-
cDNA clone pRLg3 (Moormann et al., 1982) were labeledtiation, and ®nally, the g-crystallin genes are turned on
according to Feinberg and Vogelstein (1983) and used asaround Day 8 of in vitro differentiation. The corresponding
probe. Filters were washed in 0.21 SSC, 0.1% sodium dode-crystallin mRNAs reach their maximum level within 2 or
cyl sulfate at 557C and exposed to Fuji AX ®lm with two3 days. As the aA- and bB2-crystallin mRNAs are stable (at
intensifying screens (DuPont).least in the presence of actinomycin D; Peek et al., 1992b),
the cessation of their accumulation must be due to a shut-
down of their synthesis. Apparently, the crystallin genes In Vivo Footprinting
deliver the required amount of stable mRNA in a short burst
of activity and the regulation of the activity of these genes Lens explants (10 per 3.5-cm dish) were cultured in the
presence of bFGF and/or insulin. Monolayers of NRK cellsmust involve activators as well as repressors.
To assess the timing of the various regulatory events in- were cultured to subcon¯uence on 15-cm dishes. The cul-
ture medium was replaced by medium containing 0.1% di-volved in the activation and silencing of the crystallin pro-
moters we have focused on the gD-crystallin promoter. It methyl sulfate (DMS) (Fluka). After a 2-min incubation at
377C, the DMS containing medium was removed and thehas been previously shown that activation of this promoter
requires demethylation (Peek et al., 1991), hence demethyl- cells were washed four times with phosphate-buffered sa-
line (PBS) at 377C. DMS-treated explants were transferredation of the promoter region was used as a measure of chro-
matin activation. In vivo footprinting was used to follow to 100 ml lysis buffer (300 mM NaCl, 50 mM TrisrHCl, pH
8.0, 25 mM EDTA, pH 8.0, 200 mg/ml proteinase K, 0.5%the interaction of transacting factors with the gD promoter.
We have further timed the appearance of the transactivating sodium dodecyl sulfate) and incubated overnight at 377C.
The lysate was extracted once with phenol/chloroform andand silencing factors during ®ber cell differentiation by
assaying the activity of transfected gD-promoter/CAT re- once with n-butanol and subsequently diluted with 10 mM
TrisrHCl, pH 7.5, 1 mM EDTA (TE) to 500 ml. The lysateporter gene constructs. Our data show that demethylation
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was applied to a Microcon-30 (Amicon, USA) ®lter unit Sculptor in vitro mutagenesis system version 3 (Amer-
sham, UK). The following oligonucleotides were used: G-and spun for 15 min at room temperature in an Eppendorf
centrifuge. The chromosomal DNA was washed with 400 46 r T-46, [5*-(CCA ACG CAT CAG ACC TCC TGC)-3*];
G-55 r T-55, [5*-(TTT GTG CTG TTC CTT CCA ACGml TE and resuspended in 50 ml TE. DMS-treated NRK cells
were harvested in lysis solution at 1.5 ml/15-cm dish and CA)-3*]; G-43 r T-43, [5*(CAA CGC AGC ATA CCT CCT
GCT)-3*]. The G-55/G-46 r T-55/T-46 double mutant wasincubated overnight at 377C. Chromosomal DNA was fur-
ther puri®ed by repeated extractions with phenol, chloro- made by using single-stranded DNA of mutant G-46 r T-
46 as a template for mutagenesis with oligo G-55 r T-55.form, and diethyl ether. Subsequently, the DNA was precip-
itated with ethanol and dissolved in TE. DMS methylation Mutagenesis was checked by dideoxy sequence analysis
(Sanger et al., 1977). A 400-bp BglII±FokI fragment con-of control protein-free chromosomal DNA isolated from
NRK cells was performed according to Maxam and Gilbert taining either the wild-type or mutant gD promoter was
isolated from prgD(01087//48)SK- and cloned into pSuper-(1980). The DMS-modi®ed DNA was precipitated in etha-
nol and redissolved in 100 ml 10% piperidine (Sigma). After CAT. Constructs rgD073//45CAT, rgD01100//45CAT,
and pBLCAT2 and its derivative pBLCAT2g have been de-incubation for 30 min at 907C the DNA was lyophilized in
a Speedvac and redissolved in TE. To remove trace amounts scribed previously (Luckow and SchuÈ tz, 1987; Peek et al.,
1990).of piperidine the DNA was successively precipitated in eth-
anol, redissolved in TE, precipitated in isopropanol, redis-
solved in water, lyophilized in a Speedvac, and redissolved
Transfections and Reporter Gene Assaysin TE. The gD-crystallin promoter fragments in 2 mg of
NRK DNA or an amount of DNA equivalent to the yield Supercoiled plasmid DNA was puri®ed by CsCl gradient
centrifugation (Sambrook et al., 1989) and quantitated byfrom ®ve explants were ampli®ed by ligation-mediated±
polymerase chain reaction (LM±PCR) as described below. means of both EtBr staining and spectrophotometric mea-
surement. Prior to transfection of rat lens explants (®ve per
3.5-cm dish) the medium was changed to 800 ml of M199
Ligation-Mediated±Polymerase Chain Reaction medium without bFGF, BSA, and antibiotics. Mixtures of
4 mg gD/CAT reporter construct and 400 ng CMV/b-galLM±PCR was performed essentially as described (Garrity
and Wold, 1992; Mueller and Wold, 1989). For visualization construct (Jain and Magrath, 1991) were diluted in 200 ml
M199 medium and mixed with 200 ml 10% lipofectamineof the upper strand of the gD-crystallin promoter the fol-
lowing primers were used: rgD1(a), [5*-(GTC CCT CCC (Gibco BRL) in M199. The DNA±lipofectamine mixture
was kept at room temperature for 30 min and subsequentlyCAC GTT CTG G)-3*; position /85 to /67], rgD2(a), [5*-
(GGC TGT TGT TTG CGG GTC GGA T)-3*; position /42 divided equally over two dishes. Five hours later 1 ml M199
supplemented with penicillin, streptomycin, BSA, andto /21], and rgD3(a), [5*-(GGC TGT TGT TTG CGG GTC
GGA TGG)-3*; position /42 to /19]. Annealing of rgD1(a), bFGF was added. Three days after addition of the DNA, the
explants were transferred to 200 ml reporter lysis buffer (25rgD2(a), and rgD3(a) was at 607, 727, and 747C, respectively.
Primers that were used for visualization of the lower strand mM bicine, pH 7.8, 0.05% Tween 20, 0.05% Tween 80). To
determine the transfection ef®ciency, 25 ml of cell lysatewere: rgD1(s), [5*-(GAT TGC AAC CCG AAT ACT CCA)-
3*; position 0188 to 0168], rgD2(s), [5*-(AAC CAA AAC was used to assay for b-galactosidase activity (Jain and Ma-
grath, 1991). After the b-galactosidase assay, cellular deace-CCA CAA TGA ATC CCG TG)-3*; position0157 to0132],
and rgD3(s), [5*-(AAC CAA AAC CCA CAA TGA ATC tylases were inactivated by heating for 15 min at 657C. Ali-
quots of cell lysate corresponding to equal b-galactosidaseCCG TGG TC)-3*; position 0157 to 0129]. Annealing of
rgD1(s), rgD2(s), and rgD3(s) was at 607, 707, and 727C, re- activities were assayed for CAT activity (Gorman et al.,
1982).spectively. The gD-crystallin gene fragments were ampli-
®ed in 20 PCR cycles and labeled in 2 additional PCR
rounds. Labeled fragments were electrophoresed in a 6%
Gel Shift Assayssequencing gel and exposed to Fuji AX ®lm. The foot-
printing data were quanti®ed by scanning the autoradio- Nuclear extracts from whole rat lenses were made as de-
scribed previously (Peek et al., 1992a). To suppress nonspe-grams with a densitometer (Kipp & Zonen, Delft, The Neth-
erlands). ci®c binding, extracts were preincubated for 10 min on ice
with 1 mg poly(dI-dC). The 120-bp ApaI±NcoI fragment con-
taining the wild-type or mutated rat gD-promoter was end-
Reporter Gene Constructs labeled with [a-32P]dATP by ®lling in sticky ends with
Klenow DNA polymerase (Sambrook et al., 1989). TheWild-type and mutant prgD-73//10CAT were made by
®rst cloning the 1.1-kb SstI±HindIII fragment of gD/CAT probe used in the competition experiment was a double-
stranded synthetic oligonucleotide corresponding with posi-(Peek et al., 1990) into pBluescript II (SK0) (Stratagene).
Single-stranded DNA was isolated from the resulting con- tion 059 to 040 of the gD-promoter region, which was
cloned into pBluescript II (SK0) (Stratagene). Approximatelystruct prgD(01087//48)SK- (Sambrook et al., 1989) and
mutagenesis was done according to the manual of the 0.5 ng of double-stranded probe (10±20,000 cpm) was mixed
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differentiation but has been reported to potentiate the ac-
tion of bFGF and to stimulate the accumulation of b- and
g-crystallin protein during bFGF-induced ®ber cell differen-
tiation (Chamberlain et al., 1991; Richardson et al., 1993).
As it is of practical importance for in vivo footprinting ex-
periments that a maximal transcriptional response is ob-
tained, we have tested the effect of the combination of insu-
lin and bFGF on the accumulation of g-crystallin mRNA.
Newborn rat lens explants were cultured in the presence of
bFGF with or without added insulin. At representative time
points, RNA was isolated and g-crystallin mRNA levels
FIG. 1. Accumulation of g-crystallin mRNA during ®ber cell dif- were monitored by Northern blot analysis (Fig. 1). We have
ferentiation. Total RNA was isolated from newborn rat lens ex- previously shown, by primer extension analysis, that all six
plants cultured for the time indicated in the presence of bFGF and
g-crystallin genes are expressed in differentiating explantsin either the presence or absence of insulin. The g-crystallin mRNA
(Peek et al., 1992b). In the presence of bFGF only, g-crys-level was determined by Northern blot analysis as described under
tallin mRNA was ®rst detectable after 10 days and a steady-Experimental Procedures. The Northern blot was rehybridized with
state level was reached after 15 days. In explants that hadan 18S rRNA probe to indicate the amount of RNA loaded in each
been cultured in the presence of both insulin and bFGF,lane. Note that the timing of differentiation differs from the time
schedule previously described by Peek et al. (1992b). g-crystallin mRNA accumulation started earlier and was
already detectable after 8 days. Furthermore, the maximal
level of g-crystallin mRNA reached was at least twice that
found in explants exposed to bFGF alone. We conclude that
with 10 mg of nuclear extract. For competition experiments, the synergistic effect of bFGF and insulin on g-crystallin
a 1- to 100-fold molar excess of competitor was added to expression in newborn rat lens explants, which was ®rst
the sample before the labeled probe. Incubation with labeled observed at the protein level (Chamberlain et al., 1991), is
probe was for 10 min at room temperature. The samples already seen at the mRNA level and most likely exerted at
were electrophoresed in a native 6% polyacrylamide gel the transcriptional level. The data reported in Fig. 1 further
(prerun for 60 min) in 0.251 TBE (11 TBE is 0.089 M Tris, serve to provide a time scale for the experiments reported
0.089 M boric acid, and 0.0025 M EDTA) at 1.5 V/cm with below.
recirculation of the buffer. Gels were dried and exposed to
Fuji AX ®lm with one intensifying screen (DuPont).
Demethylation of the gD-crystallin
Promoter Region
Methylation Analysis
To assess the methylation state of the gD promoter regionNewborn rat lens explants were cultured in the presence
during ®ber cell differentiation, we have used the standardor absence of bFGF and/or insulin. At representative time
point explants were harvested and chromosomal DNA was
isolated as described for DMS-treated cells (see above). The
DNA was double digested with ThaI and Sau3AI. To test
for complete digestion, part of the digestion mixture was
added to 300 ng of phage lDNA. The digested explant DNA
was extracted with phenol/chloroform, precipitated with
ethanol, and redissolved in 20 ml TE. An amount of DNA,
equivalent to the yield from one-fourth of an explant (5 ml),
was ampli®ed by ligation-mediated PCR using the upper
strand-speci®c primers rgD1(a), rgD2(a), and rgD3(a) as de-
scribed under ligation-mediated PCR.
FIG. 2. The methylation state of the gD-crystallin promoter in
RESULTS explanted rat lens epithelia exposed to bFGF and/or insulin. Chro-
mosomal DNA was isolated from newborn rat lens explants that
had been exposed to bFGF and/or insulin for the time indicated.Time Course of Expression of g-crystallin mRNA
The DNA was digested with ThaI and Sau3AI and the digests wereduring in Vitro Fiber Cell Differentiation and the
ampli®ed by LM±PCR. The ampli®cation products were electro-Synergistic Effect of Insulin on bFGF Action
phoresed in a 6% sequencing gel. The 90-nucleotide fragment de-
To induce in vitro differentiation of explanted lens epithe- rives from methylated DNA (mCpG), the 80-nucleotide fragment
from nonmethylated DNA (CpG).lial cells bFGF suf®ces. Insulin by itself does not induce
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FIG. 3. Genomic footprint analysis of the rat gD-crystallin gene promoter. Newborn rat lens explants were exposed to bFGF alone (F),
to bFGF and insulin (F/I), or to insulin alone (I) for the time indicated and then treated with DMS as described under Experimental
Procedures. The chromosomal DNA was nicked at sites of modi®ed G residues by treatment with piperidine. gD-crystallin gene fragments
were ampli®ed and labeled by LM±PCR and analyzed on a sequencing gel. Open boxes indicate sites of hypomethylation (at least 50%
protection) and closed boxes sites of hypermethylation (at least twofold increase). Numbers indicate the positions of the G residues relative
to the transcription start site. NRK, genomic footprint analysis of g-crystallin nonexpressing normal rat kidney cells. T, G ladder obtained
from DMS-treated naked chromosomal DNA. (A) Upper strand, (B) lower strand. (C) Summary of the in vivo DMS footprint analysis of
the rat gD-crystallin promoter. The nucleotide sequence is according to Den Dunnen et al. (1989). Open circles indicate sites of hypomethyl-
ation, closed circles sites of hypermethylation. The transcription start site is indicated by an arrow. The TATA box is shown in boldface.
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technique of measuring the resistance to digestion by meth- presence of bFGF and insulin an interaction at 045 in the
lower strand is also weakly visible (Fig. 3B). A strong foot-ylation-sensitive restriction enzymes. The site chosen was
the ThaI site at 016, the site also used in a previous study print at this site is found after 12 days. A somewhat less
reproducible interaction is seen close to this site, at 055to show the correlation between the methylation state and
expression of the gD promoter in various tissues (Peek et (Fig. 3A). Together these sites de®ne a footprint between
055 and045. Two other sites of DNA±protein interactionsal., 1991). Chromosomal DNA was isolated from explants
at various stages of differentiation, digested with ThaI, and were detectable after 12 days of culture. The footprint be-
tween 015 and 04 partially overlaps a region (020 to 010)further digested to completion with Sau3AI, which cuts the
gD promoter independent of its methylation state between suggested to have an enhancing role (Peek et al., 1990). The
functional signi®cance of the other region footprinted, frompositions 024 and 023 in the upper strand. As the amount
of DNA available is small, the restriction fragments con- 088 to 071, as well as that of the 055/045 region, will
be discussed in more detail below. No footprint could betaining the gD promoter were ampli®ed by ligation-medi-
ated PCR using a primer set complementary to the upper detected in control normal rat kidney cells, which do not
express the g-crystallin genes.strand of the gD-crystallin gene. As shown in Fig. 2, the
ThaI site is already 50% demethylated in explants cultured The 055 to 045 region. The in vivo footprint that ex-
tends from055 to045 coincides with the lens-speci®c acti-without bFGF, i.e., in epithelial cells. Upon addition of
bFGF or bFGF and insulin, a rapid loss of methyl groups is vator region that was previously identi®ed by gel retarda-
tion and in vitro footprint analysis (Peek et al., 1992a). Aseen and the ThaI site is 85% demethylated within 1 day
and more than 90% within 3 days. When explants were homologous region is found in the mouse gF promoter and
was also shown to be essential for lens-speci®c expressionexposed to insulin alone, the gD-promoter was methylated
in 30% of the cells after 1 day. No further demethylation of that promoter (Liu et al., 1991). To provide further evi-
dence that the region footprinted in vivo indeed representswas observed up to Day 12, showing that the morphogenic
signal of bFGF is required for complete demethylation of the previously identi®ed activator, mutations were intro-
duced in this region by site-directed mutagenesis. Transver-the gD promoter region.
sion of residues G-55 or G-46, which were both identi®ed
as protein binding sites in the genomic footprint analysis,
The in Vivo Occupancy of the gD-crystallin almost completely abolishes the capacity of the gD pro-
Promoter Region moter to interact with a factor in a lens nuclear extract,
whereas a control mutation of G r T43 does not affect theThe data above show that in the presence of insulin and
bFGF the gD promoter region is completely demethylated nuclear factor binding (Fig. 4A). In addition, the G r T55
and G r T46 mutants are much less ef®cient competitorsafter Day 1 and, at least by that measure, available for trans-
acting factors. Yet transcripts from the endogenous gene of protein binding by the wild-type gD-promoter than the
G r T43 mutant or the wild-type promoter fragment itselfonly start to accumulate around Day 10. To determine at
what stage of differentiation the transacting factors bind to (Fig. 4B). These results strongly suggest that the nuclear
factor that interacts with the gD-promoter in vitro is identi-the gD promoter region, this region was footprinted in vivo.
Explants were cultured in the presence of bFGF and/or insu- cal with the factor that binds to the promoter in vivo. To
test whether G-55 and G-46 are also important for activitylin and treated with DMS at various times during the differ-
entiation process. The chromosomal DNA was isolated, of the gD promoter, the mutated promoters were tested in
a transient reporter gene assay. Lens explants were culturedcleaved with piperidine, and ampli®ed by LM±PCR using
oligonucleotide primer sets speci®c for the upper or the in the presence of bFGF for 8 days and transfected with
wild-type or mutant gD promoter/CAT constructs. Threelower strand of the gD-crystallin promoter. Our criterion
for a footprint was protection against DMS of at least 50% days later the explants were harvested and the CAT activity
was determined. Mutagenesis of G-46 and G-55 resulted inof the DNA or more than twofold increased methylation
compared with naked DNA. Since a con¯uent layer of epi- three- to ®vefold decrease in activity of the gD promoter
compared with that of the wild-type promoter and that ofthelial cells always remains underneath the differentiating
®bers (Lovicu and McAvoy, 1989), complete protection the G-43 mutant, which had equally high promoter activi-
ties (Table 1). These data are fully consistent with the re-against DMS can never be reached. Sites of hypomethyla-
tion or hypermethylation (summarized in Fig. 3C), indica- sults obtained in the in vitro gel shift assays and indicate
that G-55 and G-46 are essential for protein binding and fortive of DNA±protein interactions, were not detectable dur-
ing the ®rst 8 days of culturing the explants with bFGF or the activity of the gD promoter in rat lens explants.
The 088 to 071 region. In previous studies using re-bFGF and insulin (Fig. 3). A footprint between 0141 and
0131 in the upper strand was seen after 8 days and was still porter gene assays, the region around 075 had various ef-
fects: it had a positive effect on promoter activity in chickenvisible after 12 days culture in the presence of bFGF with
or without insulin (Fig. 3A). In previous experiments, the and mouse lens cells (Peek et al., 1990), had no effect on
promoter activity in rat lens epithelial cell cultures (derivedregion upstream from -120 was found to augment promoter
activity (Peek et al., 1990), hence this footprint could iden- from trypsinized cells), and acted as a silencer in non-lens
cells (Peek et al., 1992a). To test the effect of this regiontify a positive acting element. After 8 days culture in the
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TABLE 1
Effect of Site-Directed Mutagenesis on Activity
of the gD Promoter
gD promoter construct CAT activity (%)
073//10; Wild type 100
073//10; 055 G r T 38 { 15
073//10; 046 G r T 18 { 9
073//10; 055, 046 G r T 36 { 16
073//10; 043 G r T 127
Note. Newborn rat lens epithelia were cultured with bFGF for 8
days and then transfected with wild-type or mutant gD promoter±
CAT constructs. Three days later CAT activities were determined
as described under Experimental Procedures. CAT activities are
mean values from two to three independent transfections (except
for the 043 G r T mutant, of which the activity was determined
only once) and are indicated relative to the activity of the wild-
type promoter (100%).
during in vitro ®ber cell differentiation, a construct con-
taining four copies of this element (085/067) in front of
the tk promoter in a tk/CAT construct was transfected into
in vitro differentiating explants at various time points. At
no time was the activity of this construct higher than that of
the parental tk/CAT construct, showing that this sequence
does not act as an enhancer. It did have a strong silencing
effect, however, when introduced in explants exposed to
bFGF for 8 days or more: the tetramer-tk/CAT construct
had less than 10% of the activity of the parental tk/CAT
construct. No silencing was detected in early differentiating
explants (Fig. 5). In conclusion, a sequence that was identi-
®ed earlier as a silencer in non-lens cells displays differenti-
ation stage-speci®c silencer activity in explanted lens cells.
The Phased Appearance of Transacting Factors
during Lens Fiber Cell Differentiation
FIG. 4. (A) Binding capacity of wild-type and mutant gD-promoter In in vivo footprints the activation region is not fully
fragments in an electrophoretic mobility shift assay using newborn occupied till Day 12, yet the endogenous g-crystallin RNA
rat lens nuclear extracts. 32P-labeled wild-type (WT) and mutant
starts to accumulate at Day 8 (with bFGF and insulin) or(043, 046, 055, 046/055) gD-promoter fragments were incubated
Day 10 (with only bFGF). The discrepancy in timing canin the presence (/) or absence (0) of newborn rat lens nuclear
probably be explained by the fact that full promoter occu-extract and DNA±protein complex formation was analyzed by elec-
pancy in a majority of cells is required for clear in vivotrophoresis in a native polyacrylamide gel. F, free probe; B, bound
footprints. A more sensitive measure of the presence ofprobe. (B) Competition between wild-type and mutant gD-pro-
moter fragments in complex formation between the wild-type pro- transacting regulatory factors is provided by reporter gene
moter and a nuclear lens protein. 32P-labeled wild-type (WT) gD- assays. Hence, a ``full-length'' (01100//45) or an activator
promoter fragment was incubated in the absence (0) or presence only (073//45) gD/CAT construct was transfected into
(/) of newborn rat lens nuclear extract and in either the absence newborn rat lens explants at various stages of ®ber cell
(0) or presence of 1- to 100-fold molar excess of wild-type (WT) or differentiation. Three days after transfection, explants were
mutant (043, 046, 055, 046/055) gD-promoter fragments. DNA±
harvested and the promoter activity was determined fromprotein complex formation was analyzed by electrophoresis in a
a CAT assay. In these experiments ®ber cell differentiationnative polyacrylamide gel. The amount of bound probe was deter-
was induced and maintained by addition of bFGF only tomined by densitometric scanning of the autoradiographic signal of
ensure that possible ``insulin-sensitive elements'' did notthe DNA±protein complex and is indicated in the ®gure relative
contribute to the activity of the reporter gene constructs.to the amount of wild-type gD probe bound in the absence of com-
petitor DNA (100%). F, free probe; B, bound probe. The data from a number of experiments are summarized in
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Fig. 6, where the CAT activity (expressed as percentage of
the maximum CAT activity obtained) is plotted against the
midpoint between time of transfection and of harvest of the
cells. Both gD promoter fragments were inactive during the
®rst 3 days of the differentiation process. Activity of the
073//45 promoter was ®rst detectable after Day 4, was
maximal at Day 12, and thereafter decreased by 60% within
2 days (Fig. 6A). The 1100-bp fragment was not active until
Day 7, reached maximal activity at Day 10, and had lost its
activity at Day 14 (Fig. 6B). These data suggest that the
proximal activator accumulates in differentiating ®ber cells
from Day 4 onward and suddenly disappears from the cells
at Day 14. The more upstream sequences serve to restrict
expression to Days 8 to 12, the time at which the endoge-
nous gene is fully active (Fig. 6B). At the time of maximum
activity there is no signi®cant difference between the activ-
ity of the full-length and the 073//45 gD/CAT constructs
(relative to that of the cotransfected CMV/b-galactosidase
reporter gene; data not shown). Hence, under the conditions
used here, we ®nd no evidence for upstream enhancer ele-
ments.
FIG. 6. Transient activity of the gD-crystallin promoter during
bFGF-mediated ®ber differentiation of newborn rat lens explants.DISCUSSION Newborn rat lens explants were cultured in the presence of bFGF
and at representative time points transfected with gD-73//45CATThe model for the activation of the gD-crystallin pro-
(A) or gD-1100//45CAT (B). Three days later explants were har-moter that emerges from the data presented here is outlined
vested and the promoter activity was determined as described under
Experimental Procedures. Promoter activities are the mean values
of 2±5 transfections and indicated relative to the activity obtained
from a cotransfected CMV/b-galactosidase construct, as percentage
of the maximum CAT activity obtained. Dotted lines indicate SD.
in Fig. 7. The ®rst step is demethylation of the promoter,
which is coincident, within our time scale, with the initial
steps in ®ber cell differentiation. Demethylation of ®ber
cell-speci®c genes may be part of the commitment of lens
epithelial cells to ®ber cell differentiation. Demethylation
of the promoter region is necessary but not suf®cient for
gene activationÐit precedes the activation of the endoge-
nous gene by 6 to 7 days. The next and controlling step in
the activation of the gD gene is the phased, differentiation
stage-speci®c appearance of transacting factors. One of
these factors is an activating factor which recognizes the
region between 055 and 045. In the in vivo footprint, the
G at 046 was strongly hypermethylated, while the G at
055 yields only a weak footprint. The reverse was found in
the in vitro interaction between the mouse gF sequence
and chicken lens nuclear factors (Liu et al., 1991). In that
FIG. 5. Differentiation stage-speci®c activity of a gD-crystallin study a G at a position equivalent to 055 was found to
silencer element. Newborn rat lens explants were cultured in the interact strongly, while the G equivalent to 046 interacted
presence of bFGF and at representative time points transfected with weakly. This difference may be merely a methodological
pBLCAT2 (tk, A) or pBLCAT2g (tk sil, B). Three days later explants
one or it could indicate a more fundamental difference be-were harvested and the CAT activities were determined as de-
tween the interaction of a rodent promoter with a rat nu-scribed under Experimental Procedures. Promoter activities are the
clear factor or with a chicken nuclear factor. More im-mean values of 2±3 transfections and are indicated relative to the
portantly, the nuclear factor that interacts with the 055/activity obtained from a cotransfected CMV/b-galactosidase con-
struct. Dotted lines indicate SD. 045 region is present only in lens and not in other tissues
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the silencer is reinforced by the loss of the activating factor
after Day 14. This loss may be part of a more general switch
in the transcriptional capacity of the lens ®ber cell as we
have noted a similar sharp decrease in activity of bB2-crys-
tallin promoter constructs at this stage of differentiation
(unpublished results). The activity of the (cotransfected)
CMV promoter is maintained, however. Hence there is no
general overall loss of transcriptional activity, but a speci®c
loss of certain classes of transacting factors.
A recurrent theme in crystallin promoter research is the
redundancy in regulatory elements and the apparent spe-
cies-speci®c recognition of the regulatory elements (for re-
view, see Piatigorsky and Zelenka, 1992; De Jong et al.,
1994). This problem also haunts the mapping of the g-crys-
tallin promoters. We have previously shown that a 073/
/45 gD/CAT construct has only partial activity in differ-
entiating mouse lens cells (derived from trypsinized epithe-
lial cells; Peek et al., 1990) but full activity in rat lens epi-
thelial cultures (also derived from trypsinized epithelial
cells; Peek et al., 1992a). Yet in the experiments shown
here we ®nd that the gD/CAT constructs have little or noFIG. 7. Model for the regulation of the rat gD-crystallin gene
during bFGF-mediated lens ®ber differentiation. In 50% of the un- activity in undifferentiated explanted epithelial cells and
differentiated explanted epithelial cells the gD-crystallin promoter we ®nd no evidence for an enhancing activity of upstream
is methylated and the transcriptional activator is either not present elements in differentiating ®ber cells. There are at least two
or present in an inactive form (stage 1). Within the ®rst few days factors that may explain the discrepancy between these sets
of exposure to bFGF the gD promoter is completely demethylated. of experiments. First of all, trypsinization appears to cause
After Day 4 the transcriptional activator is present, but its activity a disruption in the differentiation program of lens epithelial
is inhibited by an early differentiation silencer (stage 2). From Day
cells: trypsinized rat lens epithelial cells do contain the gD8 onward the activator binds to the promoter proximal element,
transactivator even though there is no detectable accumula-resulting in transcriptional activity of the gD-crystallin gene and
tion of the endogenous g-crystallin transcripts and the cellsaccumulation of gD-crystallin mRNA (stage 3). At late ®ber cell
remain epithelial morphologically (Peek et al., 1992b). Sec-differentiation a repressor binds to the gD promoter, resulting in
cessation of gD-crystallin mRNA accumulation (stage 4). ond, trypsinized cells are cultured in the presence of 10%
fetal calf serum, while only pure bFGF is added to the ex-
plants. Fetal calf serum may contain a number of other
growth factors that could in¯uence the activity of reporter
gene constructs. For example, our data predict that the tran-whether from rat or chick (Liu et al., 1991; Peek et al.,
1992a). This factor is likely to be the determinant of the scription rate of the gD promoter is enhanced in the pres-
ence of insulin. We have, however, not yet mapped thelens-speci®c recognition of the gD-crystallin gene. Al-
though recently g-crystallin gene expression has been found insulin-responsive elements. Similarly, the mouse gF pro-
moter has been shown to have a retinoic acid-responsiveoutside the lens, during early embryogenesis in Xenopus
laevis (Smolich et al., 1994), the mammalian g-crystallin element (Tini et al., 1993, 1994). Whether such elements
are active in vivo or even present in the rat g-crystallinpromoters have thus far found to be active only in lens cells
(Lok et al., 1985, 1989; Liu et al., 1991; Peek et al., 1990, promoters is still an open question: addition of retinoic acid
did not enhance the accumulation of g-crystallin in differ-1992a) and indeed target expression of a transgene to the
Xenopus lens (Brakenhoff et al., 1991). It is noteworthy that entiating explants (unpublished results). However, such ele-
ments could easily contribute to the activity of transfectedthe rat gD-crystallin promoter does not contain a Pax-6
consensus sequence. Pax-6 has recently been shown to be constructs, depending on the cell type transfected and the
external stimuli present. A critical aside should also berequired for the lenticular expression of the mouse aA-crys-
tallin promoter (Cvekl et al., 1994, 1995). placed about the explant system. According to our measure
of the transfection ef®ciency, the activity obtained from aIn the reporter gene experiments, the appearance of the
activating factor precedes the activation of the endogenous cotransfected CMV/b-galactosidase construct, the transfec-
tion ef®ciency varies with the extent of differentiation, withg-crystallin genes, suggesting that repressors must be pres-
ent to restrict the activity to a speci®c time window. The the epithelial cells being rather refractory toward transfec-
tion. This interpretation is supported by counting the num-early differentiation silencer is at this time unknown, the
shutdown of transcriptional activity in late ®ber cell differ- ber of transfected cells after in situ staining, yet we cannot
exclude the possibility that the ef®ciency with which theentiation is most likely due to the appearance of a factor
which interacts with the region around 075. The action of CMV promoter is used varies with differentiation as well.
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Den Dunnen, J. T., Van Neck, J. W., Cremers, F. P. M., Lubsen,However, to negate our interpretation, the CMV promoter
N. H., and Schoenmakers, J. G. G. (1989). Nucleotide sequencewould need to be extremely inef®cient speci®cally during
of the rat g-crystallin gene region and comparison with an or-Day 8 to Day 12, which is rather unlikely.
thologous human region. Gene 78, 201±213.The expression of the g-crystallin genes is not only differ-
Feinberg, A. P., and Vogelstein, B. (1983). Radiolabelling DNA frag-entiation stage speci®c, it is also under developmental con-
ments to a high speci®c activity. Anal. Biochem. 132, 6±13.
trol (Murer-Orlando et al., 1987; Van Leen et al., 1987). It Felsenfeld, G. (1992). Chromatin as an essential part of the tran-
has been suggested, on the basis of transgenic mice experi- scriptional mechanism. Nature 355, 219±224.
ments, that the developmental expression of the g-crys- Garrity, P. A., and Wold, B. J. (1992). Effects of different DNA
tallin promoters is regulated merely by the combined polymerases in ligation-mediated PCR: Enhanced genomic se-
strength of the enhancers and proximal activators of these quencing and in vivo footprinting. Proc. Natl. Acad. Sci. USA
89, 1021±1025.promoters (Goring et al., 1993). Our results show that both
Goring, D. R., Bryce, D. M., Tsui, L.-C., Breitman, M. L., and Liu,activators and silencers are involved in regulating the tran-
Q. R. (1993). Developmental regulation and cell type-speci®c ex-scriptional activity of the gD promoter at one particular
pression of the murine gF-crystallin gene is mediated through astage of development and probably play a role at other stages
lens-speci®c element containing the gF-1 binding site. Dev. Dyn.of development as well. We are presently investigating the
196, 143±152.developmental control of the gD-crystallin promoter using
Gorman, C. M., Moffat, L. F., and Howard, B. H. (1982). Recombi-
explants isolated from older rats to mimic later develop- nant genomes which express chloramphenicol acetyltransferase
mental stages (Lovicu and McAvoy, 1992; Peek et al., 1992b; in mammalian cells. Mol. Cell. Biol. 2, 1044±1054.
Richardson et al., 1992). Gough, N. M. (1988). Rapid and quantitative preparation of cyto-
plasmic RNA from small numbers of cells. Anal. Biochem. 173,
93±95.
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